INTRODUCTION
It is well established that heavy metals can be highly toxic in soils when present in excessive concentrations (Cieslinski et al. 1998 ). The strategy of phytoextraction using metal hyperaccumulator plants has therefore been proposed as a potential technique for the decontamination of metal-polluted soils (Baker et al. 1994; Brown et al. 1995; Salt et al. 1995) . The technique uses plants that hyperaccumulate potentially toxic elements in the aboveground biomass which can be harvested and removed from polluted soils. The results of field trials indicate that metal phytoextraction using Thlaspi caerulescens could be used to clean up soils moderately contaminated by Cd (McGrath et al. 2006; Japenga et al. 2007; Koopmans et al. 2008) .
Metal hyperaccumulators are plant species that accumulate concentrations of >100 mg kg −1 of Cd or >10000 mg kg −1 of Zn in their shoots (Baker and Brooks 1989; Wenzel and Jockwer 1999) . These plants have therefore attracted much interest because of their potential role in the development of phytoremediation technologies for the treatment of metal-polluted soils Lombi et al. 2000) .
Sedum plumbizincicola has a remarkable capacity to extract zinc and cadmium from contaminated soils in south and east China. Field experiments have indicated the potential of S. plumbizincicola for Cd and Zn phytoextraction (Wu et al. 2006; Wu et al. 2008 ). The study by Jiang et al. (2010) has also provided further evidence for the potential use of S. plumbizincicola. This may be due to its capacity to accumulate high Zn and Cd concentrations in its harvestable parts and its absence of observable phytotoxicity symptoms in soil highly polluted with heavy metals. Much of the previous work focused on maximizing the extraction rate and shoot biomass of the plants. The purpose of phytoextraction is to remove heavy metals by hyperaccumulators and the phytoavailability of metals must be known to assess metal uptake after remediation. Short-term remediation is not adequate for monitoring long-term changes in bioavailable metals. It is therefore desirable to study changes in bioavailable fractions of heavy metals after the growth of a sequence of several successive hyperaccumulator crops for the purpose of phytoextraction.
The rhizosphere is a small but important part of the soil, commonly defined as the zone where plant root activity significantly influences soil properties. The properties of the rhizosphere are different from those of bulk soil in terms of a range of biochemical, chemical and physical processes that occur as a consequence of root growth, water and nutrient uptake, respiration and rhizodeposition (Wang et al. 2002; Hinsinger et al. 2005) . Field data support the hypothesis that exudation of organic ligands may contribute to enhanced solubility and replenishment of metals in the rhizosphere of hyperaccumulating species (Wenzel et al. 2003) . Studies have indicated that the characteristics of trace elements in rhizosphere soil can be different from those in bulk soil and may have effects on their bioavailability (Cieslinski et al. 1998 ). The role of rhizosphere processes in the phytoremediation of metals has been investigated and some specific reviews are available on this topic Fitz and Wenzel 2002; Wenzel et al. 2004; Wenzel 2009 ).
There is general agreement that total pollutant concentrations in soils are an inappropriate measure of phytoavailability. Bioavailability is frequently predicted by correlating data on accumulation by organisms with amounts in soil determined by single or sequential extraction procedures (Maiz et al. 2000; Shan et al. 2003) . The concentration of Zn in the soil solution has been considered to reflect the plant available concentration of Zn in the soil Luo et al. 2000) . Plants can control metal bioavailability in their rhizosphere via uptake mechanisms, properties of their root systems, and root activities as documented largely in non-accumulating plants (Hinsinger and Courchesne 2008; Wenzel 2009 ). Despite current progress in understanding the availability of metals in the soil (Keller and Hammer 2004) , rhizosphere properties of Zn-and Cd-contaminated soil after repeated phytoextraction by Cd/Zn hyperaccumulators are still poorly characterized.
In the present study, two rhizosphere experiments consisting of a pot experiment and a field trial were conducted to compare the changes in heavy metal bioavailability (focusing on soil solution and NH 4 OAc-extractable heavy metal concentrations) in the rhizosphere and bulk soils after repeated phytoextraction and to study the relationship between bioavailable metals in the soil and metal uptake by the hyperaccumulator S. plumbizincicola. The aim was to better understand the rhizosphere characteristics of soil contaminated with zinc and cadmium after repeated phytoextraction by the hyperaccumulator in both growth chamber pot experiment conditions and field plots.
MATERIALS AND METHODS

Soil Characterization and Design of the Pot Experiment
2.1.1. Pre-pot phytoextraction experiment. The soil for the pot experiment was selected on the basis of a previous phytoextraction experiment which was conducted from April 2006 to November 2007 at the Institute of Soil Science, Chinese Academy of Sciences, Nanjing, Jiangsu Province, East China. The soil was collected from the top 15 cm of the soil profile of an agricultural field adjacent to a copper smelter near Hangzhou city (Hu et al. 2007 ), Zhejiang Province, East China. Two soil samples with contrasting degrees of heavy metal contamination were collected, namely a less polluted soil (Low heavy metal, L) collected about 100 m from the pollution source and a more polluted soil (High heavy metal, H) collected only 10 m from the copper smelter. The soil was a typic agri-udic ferrosol (Gong, Zhang, and Luo 1999) .
The contaminated soil was stored in the dark for one month at 20% humidity and 20 • C. Afterwards, 1.5 kg aliquots (oven dry basis) of soil were placed in plastic pots and fertilized with 100 mg kg −1 of N (as NH 4 NO 3 ), P, and K (as KH 2 PO 4 ) before planting. The four treatments were L-PS, low heavy metal-Sedum plumbizincicola harvested five times; L-NPS, low heavy metal-no plants grown in the soil as a control; H-PS, high heavy metal-Sedum plumbizincicola plants grown in soil and harvested five times; H-NPS, high heavy metal-no plants in the soil; and there were 5 replicates per treatment. The plants grew for more than 19 months (from April 5, 2006 to November 15, 2007 in a double-wall glass multi-span greenhouse (common energy-saving type) located in Nanjing. During the experiment the minimum temperature was 15 • C and the maximum was 35 • C with an average of 19-31 • C. Five seedlings were transplanted into each pot. Throughout the experimental period the plants were watered from the base periodically as required and fertilized before the next growth season with same fertilizers as described above. S. plumbizincicola is a herbaceous species with very fine roots and small root systems and it is difficult to recover the clean roots quantitatively from soil (Wu et al. 2006 ). The study was therefore restricted to collecting the plant shoots for heavy metal determination and calculation of phytoextraction rate. The Sedum shoots at the first, second, third, fourth and fifth harvests were collected on July 5, 2006 , November 15, 2006 , April 15, 2007 , July 5, 2007 , and November 15, 2007 . The phytoextraction rate of S. plubmzincicola plants is not the main topic of this paper and these results, together with data on metal concentrations in soils and plant shoots, have been published elsewhere (Jiang et al. 2010 ).
2.1.2. Rhizosphere pot experiment. After the previous experiment ended on November 15 the four treatments of the pre-pot phytoextraction experiment were selected for the rhizosphere pot experiment in December 2007. Soil pH was measured with a glass electrode at a soil:water ratio of 1:2.5. Available phosphorus (P) was extracted with 0.5 M NaHCO 3 by the Olsen method. Total P was determined by H 2 SO 4 /HClO 4 digestion and analyzed by the molybdenum blue method. Total and available nitrogen (N) were determined by Kjeldahl digestion and distillation. Available K was determined by flame photometry after extraction with 1 M NH 4 OAc. Total K was determined using atomic absorption spectrophotometry (Varian SpectrAA 220FS, 220Z, Varian, Palo Alto, CA) following aqua-regia digestion. Selected physico-chemical properties and total metal concentrations of the soils after the pre-pot phytoextraction experiment are listed in Table 1 .
The four soils were air-dried and sieved through a 0.5 mm nylon mesh before they were placed in plastic rhizo-pots (90 mm long, 70 mm wide, and 70 mm high). The amounts of soil used per pot were 40 g in the rhizobag as rhizosphere soil and 320 g as bulk soil. A plastic frame (10 mm long, 70 mm wide, and 70 mm high) covered with 0.037-mm nylon mesh cloth was used to separate the rhizosphere soil from the bulk soil in each rhizopot. Two porous soil moisture samplers (Rhizon SMS, Rhizosphere Research Products, Wageningen, the Netherlands) were installed both in the rhizobag and in the bulk soil 5 cm away from the rhizobag to allow sampling of the soil solution. There were four replicates of each treatment in a fully randomized design. Each pot was planted with four healthy seedlings of S. plumbizincicola.
The plants grew for 60 days at night/day temperature 20/25 • C, 14/10 h light/dark period, and photosynthetically active radiation flux 60 w m −2 ). The plants were watered with deionised water during plant growth to maintain the soil at approximately 70% of waterholding capacity. Soil solution was collected on the 42nd and 56th days after transplanting.
Characterization of the Agricultural Soil and the Design of the Field Trial
2.2.1. Pre-field phytoextraction trial. The field trial site was located in the suburbs of Hangzhou City, Zhejiang Province, East China. The soil was a typic agri-udic ferrosol. The climate of the study area is moist monsoon with an annual precipitation of approximately 1425 mm and a mean temperature of 16 • C. Rainfall occurred from September to June with the maximum during May and June of each year. Agriculture is the principal land use. The site was adjacent to a copper smelting factory that was operational from 1989 to 2000.
The pH (in H 2 O) of the agricultural soil was 7.24, the organic carbon content was 29.1 g kg −1 , and the cation exchange capacity (CEC) was 11.8 cmol (+) kg −1 . Total N, P, and K were 2.21, 0.22, and 22.9 g kg −1 , respectively. Available N was 105 mg kg −1 , Olsen-P was 6.70 mg kg −1 , and NH 4 OAc-extractable K was 160 mg kg −1 .
There were four plant densities in the field trial, namely 110 (D11), 250 (D25), 440 (D44), and 1000 (D100) thousand seedlings per hectare. Each treatment was replicated with three plots and each plot was 6 m long and 2 m wide. Seedlings of S. plumbizincicola were transplanted on 14 May 2007. The soil was then fertilized with 150 kg urea and 225 kg compound fertilizer (15% N: 15% P 2 O 5 : 15% K 2 O) ha −1 . On 20 April 2008 the field soil was fertilized with 208 kg urea and 417 kg compound fertilizer ha −1 . Plants were harvested on 28 June 2008. The soils were then retained for the rhizosphere field study.
2.2.2. Rhizosphere field trial. The rhizosphere field trial was conducted from September 14, 2008 to May 21, 2009 using soil from three treatments described above (D11, D25, and D44). The rhizosphere soil was separated from the bulk soil by a 0.037-mm nylon mesh cloth 10 cm high and 5 cm in diameter. Ten rhizobags were installed in each plot according to a grid pattern. Each rhizobag contained one seedling of S. plumbizincicola.
Throughout the rhizosphere field trial the plots were fertilized with 208 kg urea ha −1 on July 8, , October 8, 2008 , and March 9, 2009 and with 291 kg urea ha −1 on 1 May 2009. In addition, 208 kg compound fertilizer was applied to each plot on July 8, 2008 and January 4, 2009.
Chemical Analysis
(1) Determination of heavy metals in soils and plant shoots. In the rhizosphere pot experiment soil sampled from the rhizobag was defined as rhizosphere soil and soil sampled at a distance of 5 cm from the rhizobag was considered to be bulk soil. Similarly, in the rhizosphere field trial soil sampled from the rhizobag was considered to be rhizosphere soil and soil from the central point between adjacent plants was collected as bulk soil.
All soil samples were air dried, homogenized in an agate mortar and passed through a 0.149-mm nylon sieve. Soil total heavy metal concentrations were determined using atomic absorption spectrophotometry (Varian SpectrAA 220FS, 220Z, Varian, Palo Alto, CA) after digestion of ∼0.25-g samples with 14 ml of HCl-HNO 3 -HClO 4 (4: 2: 1, v/v). For quality assurance, replicate samples, blanks, and a certified reference material (GBW07401, provided by the Institute of Geophysical and Geochemical Exploration, Langfang, Hebei Province, China) were included in all analyses.
Plant shoots were harvested at the end of the experiment, washed thoroughly with tap water and then rinsed with deionised water. The shoots were oven dried at 105 • C, weighed and ground. Samples (∼0.5 g) were digested using a mixture of 6 ml HNO 3 and 4 ml HClO 4 . Zinc and cadmium concentrations were then determined using AAS. A certified reference material (GBW07603, provided by the Institute of Geophysical and Geochemical Exploration, Langfang, Hebei Province, China) was used for quality control. The data obtained by the methods above were within the certified ranges of Zn and Cd (data not shown), indicating that the analysis of the metal concentrations was reliable.
(2) Extraction procedure. In the pot experiment, rhizosphere and bulk soil solution Cd and Zn concentrations were evaluated using samples obtained directly from the SMS suction samplers. In the field trial, rhizosphere and bulk soils were evaluated for water-soluble Cd and Zn after adjusting the soil water content to 40% by adding distilled water, incubating for 16 h, centrifuging (15 min at 4500 rpm) and filtering (0.45 µm syringe filter).
Soil available metals were extracted by shaking at 25 • C for 16 h with 1.0 M NH 4 OAc (soil:extractant ratio 1:5), then centrifuging (15 min at 4500 rpm) and filtering. Cd and Zn concentrations were then determined by AAS (Luo and Christie 1998) .
Statistical Analysis
Data were analyzed by one-way analysis of variance using SPSS version 13.0 for Windows. The data are presented as mean ± standard error of the mean (SEM). Differences in mean shoot biomass or heavy metal concentrations between treatments were tested by Duncan's multiple range test at the 5% level. Regression analysis was used to study the relationships between NH 4 OAc-extractable Cd/Zn concentrations and plant Cd/Zn concentrations or plant Cd/Zn uptake and linear correlation coefficients (r 2 ) were calculated.
RESULTS
Soil Solution and NH 4 OAc-extractable Zn and Cd in the Pot Experiment
Cadmium and zinc concentrations in the soil solution collected on day 42nd and 56th are shown in Figure 1 . The Zn and Cd concentrations declined significantly after repeated phytoextraction by the hyperaccumulator. In soil with low and high contamination levels, repeated phytoextraction for 5 time periods (L-PS, H-PS) led to significantly lower Cd and Zn concentrations in both the rhizosphere and bulk soil solutions compared to soil that was not phytoextracted (L-NPS, H-NPS) (p < 0.05) (except for soil solution Zn concentrations on day 42nd). On day 56th the rhizosphere soil solution Cd and Zn concentrations in treatment L-PS were 23.9 µg L −1 and 0.819 mg L −1 , respectively, representing only 20.3 and 2.6% of total Cd or Zn concentrations in L-NPS. Similar trends were found comparing treatments H-PS and H-NPS. Metal concentrations in the soil solution also declined significantly in treatment H-PS compared to H-NPS. Concentrations of Cd and Zn were not significantly lower in the rhizosphere soil solution compared with the bulk, except for the H-NPS soil. In other words, high metal availability would result in substantial depletion of Zn and Cd in the rhizosphere, especially for Cd.
Significantly lower total Cd and Zn concentrations were observed in soil of treatment L-NPS compared to H-PS (Table 1 : L-NPS Cd 1.11 and Zn 321 mg kg −1 ; H-PS Cd 5.33 mg kg −1 and Zn 5485 mg kg −1 ) before the rhizosphere pot experiment. However, after growth of the hyperaccumulator for 56 days treatment L-NPS had about three times the soil solution Cd concentration and six times the soil solution Zn concentration of treatment H-PS (Figure 1 II-a & II-b ). These results also strongly indicate that repeated phytoextraction resulted in substantial declines in soil total heavy metal concentrations. A rapid decline in Cd and Zn bioavailability (metals in the soil solution) was clearly observed over the growth period.
The repeated phytoextraction treatments (L-PS, H-PS) showed lower NH 4 OAcextractable Cd and Zn concentrations in the rhizosphere and bulk soils compared to the corresponding treatments without phytoextraction (L-NPS, H-NPS) ( Table 2) . Zn and Cd concentrations in the rhizosphere soils were significantly (p < 0.05) lower than in the Values are means ± SEM. The differences in concentrations of NH 4 OAc-extractable zinc and cadmium in the rhizosphere or bulk soils, respectively, between different treatments are determined by Duncan's multiple range test, and significant differences (p < 0.05) are indicated by different letters.
Figure 1
Cadmium and zinc concentrations in the soil solution on day 42 (I-a for Cd and I-b for Zn) and day 56 (II-a for Cd and II-b for Zn); values not followed by the same letters are significantly different at the 5% level between the four treatments of metal concentrations in rhizosphere (Rhizo.) or bulk (Bulk) soil solution, respectively, according to Duncan's multiple range test. bulk soils. The depletion rates, calculated as (metal concentrations in bulk soil-metal concentrations in rhizosphere soil)/metal concentrations in bulk soil × 100, of NH 4 OAcextractable Zn in the rhizosphere soil in the various treatments (L-PS, L-NPS, H-PS, and H-NPS) were 59.7, 18.0, 16.3, and 18.6%, respectively. The corresponding depletion rates of NH 4 OAc-extractable Cd in the rhizosphere soil were 6.67, 29.4, 40.3, and 41.4%. The Cd depletion rate increased with increasing NH 4 OAc-extractable heavy metal concentration.
Shoot Biomass and Heavy Metal Uptake in the Pot Experiment
No visual toxicity symptoms were detected during plant growth. Mean shoot biomass of the hyperaccumulator (Figure 2 ) decreased in the order H-PS > H-NPS > L-PS > L-NPS, suggesting that soil contamination level played an important role in the growth of the plants, and high contamination level had a positive effect on growth of the hyperaccumulator. Shoot biomass (dry weight) was lower in soil without repeated phytoextraction (H-NPS and L-NPS) than in phytoextracted soil (H-PS and L-PS), and this may be because of changes in the soil physico-chemical properties during the phytoextraction process. Figure 2 also shows the shoot heavy metal concentrations. Plant Cd concentrations tended to be higher in highly contaminated soil (H-PS and H-NPS) than in soil with lower contamination (L-PS and L-NPS). Furthermore, the minimum shoot concentration of 42.0 mg Cd kg −1 was observed in treatment L-PS. Total Cd concentrations in treatment H-PS decreased to 5.33 mg kg −1 after repeated phytoextraction (Table 1 ) and total Cd in L-NPS was only 1.11 mg kg −1 , showing that the former treatment had about five times the soil total Cd concentrations (aqua regia-extractable) of the latter. However, there was no discernible difference between H-PS and L-NPS in plant Cd concentration. This may be attributed to a decrease in Cd bioavailability after repeated phytoextraction as mentioned above.
Shoot Zn and Cd uptake increased with increasing soil total Cd/Zn concentrations (Figure 2) . In Cd/Zn-contaminated soil which had been phytoextracted by 5 successive crops (L-PS and H-PS), plant Cd uptake was lower than that from corresponding soil without repeated phytoextraction (L-NPS and H-NPS). In soil with high heavy metal contamination (H-PS and H-NPS), Zn uptake by the hyperaccumulator was higher than in treatments L-PS and L-NPS. In the rhizosphere pot experiment the differences in shoot heavy metal uptake between treatments may have been mainly due to differences in shoot biomass which increased significantly with increasing soil total Cd/Zn concentration (Figure 2, p < 0.05) .
Linear correlation analysis was performed to investigate the relationships between NH 4 OAc-extractable heavy metals in soil and heavy metal uptake by plant shoots. The concentrations of NH 4 OAc-extractable Cd in the rhizosphere and bulk soils were significantly positively correlated with shoot Cd uptake (correlation coefficients (r 2 ) are 0.6408 for rhizosphere soil, 0.7517 for bulk soil, respectively, p < 0.05). Zinc uptake by the plant shoots was also significantly positively correlated with the concentration of NH 4 OAc-extractable Zn in the rhizosphere soil (r 2 = 0.8209, p < 0.05) and NH 4 OAc-Zn concentration in the bulk soil (r 2 = 0.9046, p < 0.05).
Shoot metal concentrations were also well correlated with NH 4 OAc-extractable Cd/Zn concentrations in rhizosphere and bulk soils (Cd: r 2 = 0.545, p < 0.05 and r 2 = 0.650, p < 0.05; Zn: r 2 = 0.452, p < 0.05, and r 2 = 0.509, p < 0.05). These good correlations suggest that the moist soil could be used to predict the bioavailability of Cd and Zn to S. plumbizincicola. 
Bioavailability of Zn and Cd in the Rhizosphere Field Trial
The field plot trial results show decreasing trends in concentrations of NH 4 OAcextractable Cd and Zn in the rhizosphere as compared to bulk soil (Table 3 ). In general, the concentration of NH 4 OAc-extractable Cd appeared to decline in rhizosphere soil with 0.39 ± 0.02a 0.37 ± 0.05a 46.9 ± 1.0a 34.7 ± 1.3a
Values are means ± SEM. Significant differences (p < 0.05) between metal concentrations in rhizosphere or bulk soil solution, respectively, are indicated by different letters. increasing planting density but there was no significant relationship and similar results were found for Zn.
Mean concentrations of water soluble Cd and Zn were lower in rhizosphere soil than in bulk soil. In treatment D44 (repeated phytoextraction) there was no difference in water soluble Cd concentration between rhizosphere and bulk soils. This may be attributable to the high planting density (440,000 plants ha −1 ). In treatment D44 the distance between adjacent plants was 15 cm and it was very difficult to separate rhizosphere from bulk soil. Furthermore, water soluble Cd was higher in treatment D44 than treatment D11 (Table 3) .
Shoot Biomass and Heavy Metal Accumulation in Field Conditions
The planting density of 110,000 plants ha −1 was used to provide soil with a low phytoextraction rate and the planting density of 440,000 plants ha −1 was included to give soil with a high phytoextraction rate. There were significant differences in shoot biomass between these treatments (Figure 3a ). Shoot biomass in treatment D44 was higher than in D11 (p < 0.05), with the dry weight in the former treatment having a biomass between three and four times that in the latter treatment.
Plant Zn and Cd concentrations increased gradually with increasing plant density but there were no significant differences among phytoextraction treatments (Figure 3c, d) and heavy metal uptake results show similar trends to the shoot biomass values (Figure 3b ).
DISCUSSION
Single extraction procedures are based on the assumption that there is a relationship between the extractable fraction of soil heavy metals and the availability of heavy metals to plants; that is to say, a good correlation indicates that a certain fraction of the total metal is available to plants (Fang et al. 2007) . Our results indicate that the NH 4 OAc-extractable fraction in moist soil may provide a method to estimate the availability of Zn and Cd to S. plumbizincicola on the basis of linear correlation coefficients. (b, c, d) by aboveground Sedum plumbizincicola in the rhizosphere field trial; differences between the three treatments are determined by Duncan's multiple range test, and significant differences (p < 0.05) are indicated by different letters. Knight et al. (1997) compared changes in Zn and Cd concentrations in soil solution after growth of Thlaspi caerulescens in seven contaminated soils. Both soluble Zn and Cd decreased considerably by the end of the experiment. Gonzaga et al. (2009) also observed a depletion of solution As in the rhizosphere of the hyperaccumulator fern Pteris biaurita. It has been suggested that the main driving force for the observed decline in available Zn and Cd was the uptake of the heavy metals by the hyperaccumulators (Gremion et al. 2004) .
The NH 4 OAc extraction and soil solution methods were adopted to study the rhizosphere concentrations of Zn-and Cd-contaminated soil after repeated phytoextraction by S. plumbizincicola. In the rhizosphere pot experiment five successive crops resulted in a significant decline in total and NH 4 OAc-extractable Cd and Zn in the rhizosphere soil. In the field trial the first harvest of S. plumbizincicola was from May 2007 to June 2008, and the rhizosphere field trial was set up at the second harvest which lasted from September 2008 to May 2009. Soil water soluble and NH 4 OAc-extractable metal concentrations showed similar trends to those in the rhizosphere pot experiment. The phytoextraction rate was generally lower in field trial compared to the pot experiment, with a phytoextraction rate at the first crop of 3.46-21.1% for Cd and 0.86-4.60% for Zn (Liu et al. 2009 ) and the phytoextraction rate in the second crop year was half that of the first crop year. Only two crops were repeatedly harvested and this would have reduced the depletion of heavy metals in the rhizosphere. However, even after only two periods of phytoextraction the soil NH 4 OAc-extractable Zn and Cd concentrations were lower in treatment D44 than in D11, indicating that high phytoextraction intensity would lead to high Cd uptake and low Cd availability and thereby increase depletion of rhizosphere metals.
It has been reported that despite the influence of hyperaccumulator species on water soluble arsenic mobilization in the rhizosphere, labile As accounted for <1.2% of the total As accumulated by plants (Gonzaga et al. 2009 ). Our results lead to a similar conclusion for Zn and Cd since the decline in Zn and Cd concentrations in rhizosphere soil during phytoextraction in the rhizosphere pot experiment did not account for the mass of Zn and Cd accumulated by the plant shoots. The NH 4 OAc-extractable Cd concentrations were only 0.30 µg kg −1 in bulk soil and 0.28 µg kg −1 in rhizosphere soil (Table 2 ). Since the mass of soil in each rhizobag was 40 g, we calculate that the NH 4 OAc-extractable Cd had been depleted by 0.8 µg Cd pot −1 . However, this decrease represents just 3.36% of the Cd taken up by the shoots (Table 4 ). Furthermore, the most pronounced effect was found in treatment H-NPS in which the 136 µg decrease represents only 52% of the Cd taken up by the shoots. However, the depletion of metals in the rhizosphere could not only be attributed to the uptake of metals by the hyperaccumulator because the difference in extractable metals in 1 mol L −1 NH 4 OAc between rhizosphere and bulk soils was less than the uptake of metals by S. plumbizincicola. Hence, a certain amount of heavy metal accumulation by plants was from previous immobile fractions in the soil and was due to the resupply of depleted metals from the soil solid phase (Whiting et al. 2001; Wieshammer et al. 2007) . Similarly, McGrath, Shen, and Zhao (1997) reported that a decrease in ammonium nitrate-extractable fractions of Zn accounted for only 10% of the Zn accumulated by T. caerulescens. It has been suggested that this might be a result of the buffering capacity of the soil re-supplying Zn 2+ to the soil solution as plants remove it (Knight et al. 1997; McGrath et al. 1997) . In our pot experiment declining NH 4 OAc-extractable fractions explained <53% and <36% of the plant Cd and Zn uptake, respectively. These results suggest that a large proportion of heavy metal uptake by the hyperaccumulator must have been driven from other fractions, which is in agreement with McGrath et al. (2001) . The rhizospshere and bulk soil pH were also determined but no difference was found between the rhizosphere (data not shown) and bulk soil, indicating that pH change might not be a major factor affecting rhizosphere soil a Calculated from the differences in NH 4 OAc-extractable metal concentration between rhizosphere and bulk soil multiplied by the mass of soil in each rhizobag (40 g). For instance, concentrations of NH 4 OAc-extractable Cd were 0.30 µg kg −1 in bulk soil and 0.28 µg kg −1 in rhizosphere soil. Thus, the difference in NH 4 OAc-extractable Cd concentration was 0.02 µg kg −1 , then we calculated that NH 4 OAc-extractable Cd had been depleted by 0.8 µg pot −1 . b Calculated from heavy metal concentrations in shoots (mg kg −1 ) and the mass of S. plumbizincicola (g pot −1 ). For example, plants in treatment L-PS had an average biomass of 0.56 g pot −1 and a Zn concentration of 4961 mg kg −1 , and therefore showed a calculated uptake of 2.78 mg Zn per pot. metal mobilization but further research is needed to confirm this. Plant root exudates may play important roles in soil heavy metal mobilization, and will result in a decrease in soil pH, especially in the rhizosphere . The plastic rhizo-pots we used had a capacity of only 400 g soil and only 8-10 ml soil solution was collected on each occasion using the soil moisture samplers. We therefore determined and analyzed the changes in only Zn and Cd concentrations in the soil solution.
S. plumbizincicola is a Zn and Cd hyperaccumulator (Wu et al. 2006; Wu et al. 2008 ). There were fluctuations in the shoot biomass of plants among planting seasons without any clear pattern. Some workers have reported that total metal uptake can reach the same extraction rate in every single growing season (Robinson et al. 1997a, b; McGrath et al. 2001) . In contrast to these findings, our study found that the metal extraction efficiency of plants decreased with extension of the phytoextraction seasons (Jiang et al. 2010 ) and this may be attributable to a decrease in bioavailability of metals during the phytoextraction process. Hence, metal phytoavailability, as affected by repeated phytoextraction and total metal concentrations in soil, needs to be considered as an important factor.
